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ABSTRACT

The incidence of overweight and obesity has reached epidemic proportions, making the control of body weight and its complications a primary

health problem. Diet has long played a first-line role in preventing and managing obesity. However, beyond the obvious strategy of restricting

caloric intake, growing evidence supports the specific antiobesity effects of some food-derived components, particularly (poly)phenolic

compounds. The relatively new rediscovery of active brown adipose tissue in adult humans has generated interest in this tissue as a novel and

viable target for stimulating energy expenditure and controlling body weight by promoting energy dissipation. This review critically discusses

the evidence supporting the concept that the antiobesity effects ascribed to (poly)phenols might be dependent on their capacity to promote

energy dissipation by activating brown adipose tissue. Although discrepancies exist in the literature, most in vivo studies with rodents strongly

support the role of some (poly)phenol classes, particularly flavan-3-ols and resveratrol, in promoting energy expenditure. Some human data

currently are available and most are consistent with studies in rodents. Further investigation of effects in humans is warranted. Adv Nutr

2017;8:694–704.
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Introduction
Obesity, particularly visceral obesity, is considered one of the
main drivers of the metabolic syndrome. Individuals with a
BMI (in kg/m2) >30 are classified as obese. By this criterion,
the WHO estimates that;13% of the world’s adult popula-
tion is obese, making obesity and its complications one of
the most challenging public health problems (1).

To date, strategies aiming to control body weight have fo-
cused mainly on reducing caloric intake and preventing food
absorption (1). The control of body weight depends on the
tightly regulated equilibrium between energy intake and energy

expenditure (EE) (2); therefore, approaches aimed to increase
EE represent an alternative strategy to promote weight loss.

Energy dissipation through activation of brown adipose tis-
sue (BAT) may be a promising target for obesity management.
Accordingly, recent studies indicated the presence of metabol-
ically active BAT in humans (3). The presence of human BAT
negatively correlates with BMI, fat mass percentage, and
plasma glucose (4–10). The capacity of BAT to influence EE
relies on its unique ability to dissipate energy as heat and de-
pends on the expression of uncoupling protein 1 (UCP1) in
brown adipocytes. UCP1 uncouples the electron transport
chain (ETC) from ATP synthesis, thus dissipating energy (11).

Several studies suggest that food-derived components, par-
ticularly (poly)phenols, may play a role in preventing and
managing obesity and its comorbidities (12–14). Interestingly,
some of the antiobesity and antidiabetic activities attributed to
(poly)phenols have been associated with positive effects on EE
(13, 14). This review critically evaluates the literature describ-
ing the possible role of (poly)phenols in the regulation of EE
through BAT activation.
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Current Status of Knowledge
Adrenergic stimulation of thermogenesis and
involvement of UCP1
This section describes the intracellular cascade that norepi-
nephrine (NE) causes in cells, triggering lipolysis, increasing
mitochondrial respiration, and activating UCP1.

In conditions requiring an increase in body temperature,
the sympathetic nervous system (SNS) releases NE close to
postganglionic nerve endings in BAT, ensuring its activation
(15). NE binds to the b3-adrenergic receptor (b3AR) pre-
sent on the surface of brown adipocytes, promoting an
intracellular signaling cascade as summarized in Figure 1.
Activation of BAT requires the mobilization of energy
through lipolysis. b3AR binding induces the production of
cAMP by the adenylate cyclase. Increased intracellular con-
centrations of cAMP activate protein kinase A (PKA), which
phosphorylates hormone-sensitive lipase (HSL) and perili-
pin (16) to promote TG hydrolysis. The released FFAs are
then shuttled to mitochondria through carnitine palmitoyl-
transferase 1 (CPT1). In mitochondria, FFAs activate UCP1,
and FA oxidation produces cofactors for the ETC (16, 17).
UCP1 uses the proton gradient created by the ETC to pro-
duce heat and therefore dissipates energy.

In parallel with the direct activation of thermogenesis, NE
stimulation leads to a transcriptional regulation of genes im-
portant for thermogenesis (i.e., induction of the “thermo-
genic program”). Indeed, activated PKA also phosphorylates

and activates the transcription factor cAMP response element
binding protein (CREB) and the p38 mitogen-activated pro-
tein kinase. In turn, the p38 mitogen-activated protein kinase
phosphorylates transcription factors, such as activating
transcription factor 2 or the transcriptional coactivator
PPAR-g coactivator-1a (PGC-1a) (16), to induce UCP1 ex-
pression. Moreover, phosphorylated CREB enhances tran-
scription of type 2 iodothyronine deiodinase, which converts
inactive tetraiodothyronine into triiodothyronine (T3), pro-
moting T3 binding to its receptor. When the receptor does
not bind T3, it acts as a UCP1 transcriptional repressor. There-
fore, T3 indirectly increases UCP1 expression (18, 19).

Here, we underline the similar activity that NE exerts in
white and brown adipocytes. Indeed, white adipose tissue
(WAT) is also highly responsive to NE. Here, NE stimulates
lipolysis through similar intracellular signaling events (17),
thus promoting the release of FFAs that are used as energetic
substrates in BAT to sustain thermogenesis. Moreover, a con-
tinued sympathetic tone in WATalso induces the recruitment
of UCP1-expressing adipocytes, termed “beige” or “brite”
(brown-in-white), particularly in subcutaneous and retroper-
itoneal depots (20). Several observations support a role for
beige adipocytes in energy balance in rodents. Accordingly,
loss of beige adipocytes is shown to cause obesity, whereas in-
creased recruitment of beige adipocytes in the WAT can com-
pensate a decrease in thermogenic activity of the BAT (21,
22). However, physiologic recruitment of UCP1 and adipo-
cytes in humanWAT is still highly debated and conflicting re-
sults have been reported (23–26).

Regulation of beige and brown adipogenesis
In adults, both WATand BAT can expand in response to in-
creased storage demand or chronic cold stress, respectively.
Furthermore, as previously outlined, beige adipocytes can
also be recruited in WAT depots in response to cold. This ex-
pansion relies on precursor cells with adipogenic potential.
Although white and brown adipocytes fulfill different phys-
iologic functions and display different embryonic origins,
their terminal differentiation is controlled by the same tran-
scriptional cascade (20). PPAR-g and 3 CCAAT/enhancer-
binding protein (C/EBP) family members (C/EBP-a, C/EBP-b,
and C/EBP-d) are the key transcription factors regulating
both white and brown adipogenesis. However, additional
specific factors such as PPAR-a, PGC-1a, PR domain zinc
finger protein 16 (PRDM16), and forkhead box protein C2
(FOXC2) have been shown to specifically promote brown or
beige adipogenesis (Figure 2) (20).

PGC-1a drives mitochondrial biogenesis together with
the thermogenic program in brown adipocytes and promotes
oxidative metabolism in many cell types and organs. PGC-
1a forms complexes with PPAR-a or PPAR-g and the retinoid
X receptor, which bind to a PPAR response element in the
UCP1 promoter to activate its transcription. The PGC-1a/
PPAR complex is also able to bind PRDM16, another cofactor
specifically expressed in brown and beige adipocytes that
stimulates the transcription of several genes involved in ther-
mogenesis (including PGC-1a and UCP1) (Figure 2) (27).

FIGURE 1 Adrenergic stimulation of thermogenesis. AC,
adenylate cyclase; ATF2, activating transcription factor 2; CPT1,
carnitine palmitoyltransferase 1; CREB, cAMP response element
binding protein; FAO, fatty acid oxidation; Gs, Gs a subunit; HSL,
hormone-sensitive lipase; NE, norepinephrine; p, phosphate
group; PKA, protein kinase A; p38, p38 mitogen-activated
protein kinase; TAG, triacylglycerol; UCP1, uncoupling protein 1;
b-AR, b-adrenergic receptor.
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The transcriptional regulation of beige and brown adipogen-
esis was recently extensively reviewed (28).

A further level of regulation of brown or beige adipo-
genesis includes post-translation modification of tran-
scription factors, whose activity can be modulated by
covalent modifications. This mechanism is exemplified
by the 59-AMP–activated protein kinase (AMPK)–sirtuin
1 (SIRT1)–PGC-1a axis (Figure 2). The NAD-dependent
protein deacetylase SIRT1 targets multiple transcription
factors such as PGC-1a and forkhead box O1 (FOXO1),
regulating oxidative metabolism and glucose homeostasis
(29, 30). Moreover, SIRT1-mediated deacetylation of PPAR-g
favors beige adipocyte recruitment in WAT (31). AMPK is ac-
tivated by phosphorylation and works as an energy sensor in
cells. Indeed, the binding of AMP and ADP to AMPKenhances
its activity and reduces its dephosphorylation. Activated AMPK
in metabolic organs, including the liver, skeletal muscle, and
WAT, inhibits anabolism and thus promotes catabolic pro-
cesses. Notably, activated AMPK indirectly stimulates FA oxida-
tion through phosphorylation of the acetyl-CoA carboxylase.
Inactivation of the acetyl-CoA carboxylase by phosphorylation
leads to a reduction in its product, malonyl-CoA (an inhibitor
of CPT1), thus promoting FA transport in the mitochondria
and its subsequent oxidation (32). Moreover, in skeletal mus-
cle, AMPK activates SIRT1 through the modulation of
NAD+ levels (33). In the same tissue, AMPK can also directly
enhance PGC-1a activity by phosphorylation, thus increasing
mitochondrial biogenesis (34). Evidence supports a similar
role for the AMPK–SIRT1–PGC1a axis in brown and beige
adipocytes. Accordingly, BAT activation is often associated
with increased AMPK phosphorylation, both in vitro and
in vivo (35, 36), and treatment with the AMPK activator
5-aminoimidazole-4-carboxamide ribonucleotide increased
WAT browning in mice (37). Despite the conflicting literature
on this topic (38), Mottillo et al. (39) recently confirmed the
importance of AMPK in BATactivation in mice, in which the
deletion of AMPK specifically in adipocytes was associated
with a reduction in thermogenesis.

Dietary (poly)phenols in the stimulation of EE
In this section, we critically assess the literature describing
the role of some classes of (poly)phenols in the stimulation

of EE (Figures 3 and 4). In vitro studies evaluating the ef-
fects of food extracts rather than specific molecules are
not cited because of the difficulty in translating these results
to either a nutritional or pharmacologic context.

Flavan-3-ols. To our knowledge, flavan-3-ols are the most
extensively consumed (poly)phenols in western populations
(40). Their main sources are dark chocolate, green tea,
berries, nuts, and red wine, all containing both flavan-3-
ol oligomers (proanthocyanidins) and their monomeric forms
(catechins) (Figure 3). Oligomeric flavan-3-ols are also
highly present in grape seeds (41) (Figure 3). Consumption
of foods rich in flavan-3-ols has been associated with
positive effects in the framework of the metabolic syndrome
(42–45). Moreover, in vivo evidence supporting a modulation
of EE after flavan-3-ol consumption has been reported both in
rodents and humans (46–51).

Pajuelo et al. (52) evaluated both chronic (25 or 50 mg/kg
body weight for 21 d) and acute (250 mg/kg body weight) (53)
effects of a grape seed proanthocyanidin extract (GSPE) in
male rats, showing a direct effect on BAT. Chronic GSPE sup-
plementation partially reversed BAT mitochondrial dys-
function attributable to diet-induced obesity evaluated as
mitochondrial respiration capacity (52), whereas acute admin-
istration of GSPE stimulated the thermogenic program and
positively modulated the activity of proteins involved in the
citric acid cycle and ETC in BAT (53). In support of an effect
of flavan-3-ols on EE, treatment with GSPE (500 mg/kg body
weight for 7 d) increased EE and stimulated FA oxidation in
aged male rats, as indicated by a reduction in the respiratory
quotient (RQ). The treatment improved the oxidative capacity
of subcutaneous WAT (increased expression of Hsl and Cpt-1)
but the effects were lost in animals that received a higher
dose of 1000 mg/kg body weight (46). However, this dose is
massive, amply exceeding the mean dietary exposure to
flavan-3-ols, which is estimated to be ;300 mg/d (40).

A direct effect of flavan-3-ols on BATwas also observed in
mice after chronic supplementation with cocoa procyanidins,
which enhanced UCP1 expression (54–56). Moreover, dietary
supplementation with 0.5% or 2% of cocoa procyanidins for
13 wk (corresponding to an extremely high dose) increased
phosphorylation of AMPK in the liver, BAT, WAT, and skeletal

FIGURE 2 Transcriptional regulation of
beige and brown adipocytes. Ac, acetyl
group; AMPK, 59-AMP–activated protein
kinase; ATF2, activating transcription
factor 2; C/EBP a/b/d, CCAAT/enhancer-
binding protein a/b/d; CREB, cAMP
response element binding protein;
FOXC2, forkhead box protein C2; FOXO1,
forkhead box protein O1; p, phosphate
group; PGC-1a, PPAR-g coactivator-1a;
PPAR-a/g, peroxisome proliferator–
activated receptor a/g; PRDM16, PR
domain zinc finger protein 16; p38, p38
mitogen-activated protein kinase; RXR, retinoid X receptor; SIRT1, sirtuin 1.
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muscle, reduced the incidence of obesity, and improved both
fasting and postprandial hyperglycemia induced by a high-fat
diet (HFD) (54). This treatment also improved glucose tol-
erance, as shown by a glucose tolerance test (54). Two-week
treatment with 50 mg/kg body weight decreased RQ and in-
creased mitochondrial biogenesis in both muscle and BAT
(55). Kamio et al. (47) reported an increase in EE and in-
creased Ucp1 and Pgc-1a gene expression in BATafter a single
oral dose (10 mg/kg body weight) of the same cocoa extract.
Interestingly, the effects were lost when mice were pretreated
with b2AR and b3AR blockers, suggesting a direct effect of
flavan-3-ol on the SNS. The same research group also com-
pared the effect of a single dose (10 mg/kg) of the same
flavan-3-ol fraction, containing a mixture of monomers
and oligomers, with the equivalent dose of the monomer
(2)-epicatechin. Mice that received (2)-epicatechin did not
display any change in EE or UCP1 and PGC-1a expression
in BAT (57). In contrast, Gutiérrez-Salmeán et al. (48)

suggested that there is a positive effect of (2)-epicatechin
on EE. In this study, HFD-fed mice that received 1 mg
(2)-epicatechin/kg body weight for 2 wk displayed a de-
creased rate of weight gain, decreased hypertriglyceridemia,
and increased expression of UCP1, PGC-1a, type 2
iodothyronine deiodinase, and SIRT1 in WAT and muscle
compared with HFD-fed control mice.

Tea flavan-3-ol monomers. Green tea contains high levels
of flavan-3-ol monomers (Figure 3). In addition to
(–)-epicatechin and (+)-catechin, green tea contains (epi)
gallocatechin and 3-O-galloylated flavan-3-ols that do not
occur in cocoa (41). Supplementation with green tea for
2 wk reduced body fat gain and increased EE and BAT
protein content in HFD-fed male rats. These effects were
prevented by the simultaneous administration of the bAR
antagonist propranolol, suggesting a direct activation of the
SNS (49), as observed by Kamio et al. (47) after administration

FIGURE 3 Chemical structures and
food sources of the (poly)phenols
described as modulators of energy
expenditure.
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of a flavan-3-ol fraction from cocoa. However, the (poly)
phenol composition and caffeine content of the green tea
were not evaluated, making the interpretation of results
extremely difficult. In particular, caffeine represents an
important factor to be considered, because a synergic action
of green tea catechins and caffeine in enhancing SNS
activity has been described (58).

Chronic treatment (16 wk) with pure (2)-epigallocate-
chin-3-gallate (EGCG) (0.32% diet) was reported to reduce
body weight gain and improve insulin sensitivity in HFD-fed
mice (59, 60). These effects were associated with increased
expression of genes related to mitochondrial FA oxidation
in skeletal muscle (59). In HFD-fed male mice, high doses
of EGCG (0.5% and 1% diet supplementation, 4 wk) re-
duced body fat accumulation but did not affect UCP1 expres-
sion in brown fat (61). Moreover, acute oral administration of
EGCG (500 mg/kg body weight) over 3 d did not affect body
temperature and EE but resulted in an increased FA oxidation,
as suggested by a reduced RQ during the night period (61).

Flavan-3-ols are oxidized during fermentation of green
tea leaves, promoting the accumulation of theaflavins and
thearubigins, which are found in high concentrations in fer-
mented teas (41, 62) (Figure 3). Intake of oolong, pu-erh, and
particularly black tea was shown to suppress adiposity and
promote browning of mesenteric WAT in mice. These effects
were concomitant with increased AMPK phosphorylation
(63). Because the levels of theaflavins in black tea were higher
compared with those in oolong and pu-erh tea, Yamashita

et al. (63) speculated that these (poly)phenols could be par-
tially responsible for the reported effects, despite their extremely
low bioavailability. In accordance with this speculation, Kudo
et al. (64) demonstrated an increase in EE in mice after a single
oral dose of theaflavins, which was associated with increased
gene expression of UCP1 and Pgc-1a in BAT.

Several clinical intervention studies suggest favorable effects
of green tea in the control of body weight (65–69). Whether
this activity depends on their flavan-3-ol content and whether
flavan-3-ols are able to increase EE is not yet clear.

Gosselin and Haman (50) tested the effects of a green tea
extract containing 1600 mg EGCG and 600 mg caffeine on
nonshivering thermogenesis in response to 3-h exposure to
cold in healthy male subjects. They reported an increase in
EE and a reduction in shivering thermogenesis. However, to
our knowledge, there appears to be no obvious way to fully dis-
criminate between the contribution of caffeine and EGCG at
this time. Dullo et al. (51) also demonstrated the thermogenic
properties of EGCG in a study in which they administered
50 mg caffeine and 90 mg EGCG to healthy men, which signif-
icantly increased EE and urinary NE excretion while decreas-
ing the RQ over a 24-h period. In contrast, the treatment
with caffeine alone had no effect. According to a meta-
analysis published by Hursel et al. (70) in 2011, both the
mixture of catechin-caffeine and caffeine alone were able
to increase EE in humans, but only the combination of cat-
echins and caffeine resulted in enhanced FA oxidation.
However, these beneficial effects remain controversial, and

FIGURE 4 Dietary (poly)phenols in the
stimulation of energy expenditure. AMPK,
59-AMP–activated protein kinase; BAT,
brown adipose tissue; COMT, catechol-O-
methyl transferase; PGC-1a, PPAR-g
coactivator-1a; SIRT1, sirtuin 1; SNS,
sympathetic nervous system; WAT, white
adipose tissue.
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daily supplementation with green tea extract (1350 mg cat-
echins including$560 mg EGCG and 280–450 mg caffeine)
for 12 wk failed to increase EE and modulate body compo-
sition (71). Finally, in a recent study of healthy young women,
Nirengi et al. (72) showed an increase in BAT density after par-
ticipants consumed a beverage containing a mixture of 540 mg
flavan-3-ol monomers [(+)-catechin, (2)-epicatechin, (+)-
catechin-3-gallate, (+)-gallocatechin, (+)-gallocatechin-3-gallate,
(2)-epicatechin-3-gallate, epigallocatechin, and (2)-EGCG],
supporting the hypothesis that flavan-3-ol monomers may acti-
vate or increase BATmass. However, the flavan-3-ol–rich bever-
age also contained a higher concentration of caffeine (80 mg)
than the control drink (45.5 mg). Moreover, Nirengi et al. (72)
did not report the exact (poly)phenol composition of the
beverage.

In summary, despite some conflicting results, most of the
available evidence supports a role for flavan-3-ols in the en-
hancement of EE, but the mechanisms involved in these ef-
fects are not yet fully understood. Some studies supported
an activation of the AMPK–SIRT1–PGC-1a axis, but they
did not clarify the mechanism. Moreover, a direct action
on the SNS should be considered, because flavan-3-ol mono-
mers are reported to inhibit catechol-O-methyltransferase
(an enzyme that inactivates NE by methylation) (73), but
this hypothesis has not yet been tested in vivo (Figure 4).
These data highlight the need for further studies.

Resveratrol. Resveratrol (3,5,49-trihdroxystilbene) is a phe-
nolic compound found at high concentrations in the woody
root of the noxious weed Polygonum cuspidatum (Japanese
knotweed or Mexican bamboo) and in trace amounts in di-
etary items such red wine, peanuts, berries, red cabbage,
and spinach (Figure 3). Although resveratrol is present in
food at extremely low concentrations compared with other
(poly)phenols (41), interest in resveratrol’s bioactivity has
increased exponentially in the past 2 decades, principally be-
cause of its remarkable effects on energy metabolism in
mammals.

Studies with rodents demonstrated that resveratrol can
exert beneficial effects on glucose homeostasis, reducing
the effects of obesity, diabetes, and metabolic dysfunction
(74–80). Moreover, several animal studies have pointed
to the role of resveratrol in stimulating mitochondrial
biogenesis and mitochondrial activity, both in the muscle
(75, 81–83) and liver (74), owing to its capacity to activate
the AMPK–SIRT1–PGC-1a axis (74, 75, 81–83). Given the
important role of AMPK, SIRT1, and PGC-1a in the physiol-
ogy of adipose tissue (38), it is not surprising that resveratrol
may also affect body composition and EE.

High doses of resveratrol (;400 mg/kg body weight)
have been shown to reduce weight gain in HFD-fed mice
(75, 76, 81), in association with decreases in visceral fat
pad weight and smaller adipocytes in epididymal WAT
(75, 76). Interestingly, Lagouge et al. (75) reported an in-
crease in basal EE and improved cold tolerance in mice
fed an HFD supplemented with resveratrol. These effects
were combined with increased mitochondrial volume and

mitochondrial DNA content, an increase in Sirt1 gene
expression, a decrease in PGC-1a acetylation, and an in-
crease in PGC-1a activity in BATof mice treated with resver-
atrol for 15 wk (75). The effects of resveratrol on BAT
metabolism are supported by other studies in which treat-
ment of both mice (400 mg/kg body weight for 8 wk) and
Sprague-Dawley rats (30 mg/kg body weight for 8 wk) sig-
nificantly increased BAT Ucp1 and Sirt1 gene expression
(84, 85). It is noteworthy that 8 wk of resveratrol treatment
was also sufficient to increase BAT expression of bone
morphogenetic protein 7 (84), which is shown to promote
both brown and beige adipocyte development and activation
(86–88).

In addition to the studies in rodents, positive effects of
resveratrol on EE have been reported in nonhuman pri-
mate models of obesity (89, 90). A daily dose of 200 mg
resveratrol/kg body weight for 4 wk (89) or 1 y (90) signif-
icantly increased the resting EE of male gray mouse
lemurs. Furthermore, resveratrol supplementation for 2 y
(80 and 480 mg/d for the first and second years, respec-
tively) decreased adipocyte size and increased SIRT1 expres-
sion in visceral WAT from rhesus monkeys fed a high-fat
and high-sugar diet (91).

Resveratrol is also reported to induce browning of WAT
both in vivo (81, 92) and in vitro (92, 93), with the acquisi-
tion of a beige phenotype being dependent on AMPK phos-
phorylation (81, 92). This effect on WATmay contribute to
the increase in EE after resveratrol consumption, as previ-
ously described.

Taken together, these results illustrate a clear role of re-
sveratrol in brown fat differentiation, possibly via activation
of the AMPK–SIRT1–PGC-1a axis (Figure 4). However, the
mechanisms involved in this activation are still strongly de-
bated. Some evidence supports a direct activation of SIRT1
by resveratrol (83, 94), whereas other data indicate an acti-
vation via AMPK. This second hypothesis is supported by
the lack of effect of resveratrol in the absence of AMPK
(81, 92). Resveratrol has also been shown to increase the
NAD+:NADH ratio in an AMPK-dependent manner (81),
which supports an indirect activation of SIRT1 (33). Fur-
thermore, resveratrol’s activity as a competitive inhibitor
of cAMP-degrading phosphodiesterases has also been pro-
posed (95). The resulting elevated cAMP levels, beyond
the stimulation of PKA, could lead to AMPK activation,
an increased NAD+:NADH ratio, and subsequently in-
creased SIRT1 activity (95).

Independent of the mechanisms involved, activation of
the AMPK–SIRT1–PGC-1a axis by resveratrol leads to an
increase in brown fat differentiation and activation in ro-
dents. Whether resveratrol can exert the same effects in hu-
mans remains to be determined. To our knowledge, no
effects of resveratrol on body weight have been reported in
human trials (77, 82, 96–99), with the exception of one trial
in which 3 mo of resveratrol supplementation (500 mg/d)
administered to patients with metabolic syndrome led to a
reduction in body weight, fat mass, and waist circumference
compared with baseline values (100). In contrast, resveratrol
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(75 mg/d for 12 wk) did not change the resting metabolic
rate, body composition, inflammatory markers or plasma
lipids, insulin sensitivity, AMPK phosphorylation, and Sirt1
and Pgc-1a gene expression in skeletal muscle and adipose
tissue in healthy postmenopausal women (96). Timmers
et al. (82) reported activation of AMPK, increased SIRT1
and PGC-1a protein levels, and improved mitochondrial res-
piration in muscle after 30 d of resveratrol supplementation
(150 mg/d) in obese but otherwise healthy male subjects.
However, these effects were associated with a reduction in
the sleeping metabolic rate and in postprandial EE, which ar-
guably is in contrast with the effects described in mice. Nev-
ertheless, the authors also reported beneficial effects on a
more general metabolic profile (decreased circulating glucose
and TGs and decreased systolic blood pressure), demonstrat-
ing resveratrol’s capacity to induce metabolic changes in
obese humans. In line with this finding, the same concentra-
tion of resveratrol led to a decrease in adipocyte size inWATof
obese men, highlighting the beneficial effect of resveratrol
supplementation in adipose tissue function (101).

In conclusion, the evidence produced to date is not suf-
ficient to clearly define whether resveratrol can affect EE
or body composition in humans. However, the studies in ro-
dents herein reported strongly support a role for resveratrol
in the control of EE, BAT activation, and WAT browning,
underlining the potential of its supplementation for the
management of obesity and related morbidities.

Other (poly)phenols. To date, there are only a few reports
supporting the role of other classes of (poly)phenols in EE
(Figure 4). Both human and animal studies suggest a role
of isoflavones in the control of body weight (102–106).
Isoflavones are classified as phytoestrogens because of their
structural similarity to estrogen. They are found almost exclu-
sively in leguminous plants, with the highest concentrations
occurring in soybean (41) (Figure 3). A study by Cederroth
et al. (102), in which male mice received a soy-containing diet
(198 parts per million of daidzein and 286 parts per million
of genistein) for 3 wk, supports the possible implication of
isoflavones in the regulation of EE. The treatment improved
insulin sensitivity, reduced fat mass, and increased AMPK
phosphorylation and the expression of genes implicated in FA
oxidation, mitochondrial biogenesis, and the ETC in WAT.

Aziz et al. (107) investigated the cellular mechanisms in-
volved in these effects and showed the browning effects of
isoflavones on white adipocytes. Treatment of 3T3-L1 cell
line of white preadipocytes during the differentiation pro-
cess with 100 mM genistein increased both baseline oxygen
consumption and maximal respiratory capacity. Moreover,
UCP1 expression was increased through a mechanism involv-
ing SIRT1 but independent of genistein’s action on the estrogen
receptor. However, the high concentrations used in this study
did not take into account the low bioavailability and the exten-
sive metabolism of this molecule in vivo (41).

Some studies support an effect of the flavonol quercetin
on the control of EE. Flavonols are present in vegetables
and fruits such as kale, berries, onion, broccoli, and tomato,

principally as glycosides (41) (Figure 3). Lee et al. (25) eval-
uated the WAT browning effects of an onion-peel extract
containing 6.8 mg quercetin/100 mg dry weight and
8.1 mg isoquercetin (quercetin-3-O-glucoside)/100 mg dry
weight. Supplementation with 0.5% of onion-peel extract
to HFD-fed mice (corresponding to ;340 and 405 mg of
quercetin and isoquercetin/kg of diet) for 8 wk induced
browning of retroperitoneal and subcutaneous WAT. Aim-
ing to identify the active compounds, the authors tested
the capacity of both compounds (25–100 mM) to drive the
differentiation of 3T3-L1 toward a brown phenotype. Only
quercetin at the highest concentration positively modulated
the expression of thermogenic genes, highlighting the im-
portance of considering the extensive metabolism that
flavonols undergo in vivo (41) for the identification of pos-
sible bioactive metabolites (108). In support of a browning
effect of quercetin, the addition of 1 g rutin (quercetin-3-
O-rutinoside)/L drinking water for 10 wk strongly influenced
adipose tissue metabolism in both diet-induced and geneti-
cally obese mice. The treatment decreased body weight gain,
improved glucose homeostasis, and increased body EE, while
inducing the thermogenic program in subcutaneous WAT
and in BAT (109). Henagan et al. (110) evaluated the effects
of lower doses of both onion extract and pure quercetin sup-
plementation. Dietary supplementationwith either pure quer-
cetin (17 mg/kg of diet) or an onion extract containing an
equivalent amount of quercetin for a 9-wk period decreased
fat mass and insulin resistance in HFD-fed mice. These effects
were associated with increased EE, mitochondrial biogenesis,
and skeletal muscle function; the latter was evaluated as in-
complete palmitate oxidation assessed by measuring acid-
soluble metabolite production in skeletal muscle homogenates
(110). However, Henagan et al. (110) also reported enhanced
physical activity after quercetin supplementation, which could
have been responsible for the increased EE.

Doan et al. (111) investigated the metabolic effects of gallic
acid in diet-induced obese mice. Gallic acid is a hydroxyben-
zoic acid that is present in substantial amounts in red wine,
tea, and some berries, where it occurs principally as complex
sugar esters (the gallotannins) (40) (Figure 3). Daily intraper-
itoneal administration of gallic acid (10 mg/kg body weight)
for 9 wk improved glucose and insulin homeostasis and re-
duced body weight gain without affecting food intake. An
effect on EE is supported by the increased expression of
thermogenesis-related genes (Ucp1, Pgc-1a, and 3 bAr) in
the BAT of treated mice. Moreover, these effects were associ-
ated with increased AMPK phosphorylation and SIRT1 and
PGC-1a protein levels, suggesting that gallic acid plays a
role in activation of the AMPK–SIRT1–PGC-1a axis (111).

Curcumin is a yellow pigment occurring in the spice tur-
meric (Curcuma longa) (Figure 3) and its sole dietary source is
as a flavor ingredient of curries, which are popular in Indian
cuisine. However, evidence is growing regarding a possible ef-
fect of curcumin on the stimulation of EE. Daily administra-
tion of 50 or 100 mg curcumin/kg body weight to mice for
50 d decreased body weight and fat mass and improved
cold tolerance. Curcumin caused browning of subcutaneous
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WAT (induced mitochondrial biogenesis and expression of
thermogenic genes). Moreover, these effects were associated
with elevated levels of plasma NE, suggesting an involvement
of the SNS (112). The browning effects of curcumin in vitro
have also been confirmed. Curcumin (1–20 mM) stimulated
mitochondrial biogenesis and the protein expression of ther-
mogenic genes (Ucp1, Pgc-1a, Ppar-g, and Prdm16) in both
3T3-L1 and primary adipocytes derived from subcutaneous
WAT (113). However, further studies are needed to better un-
derstand the reported bioactivity, because the concentrations
used are very high and largely nonphysiologic. The impact of
dietary curcumin is likely to be virtually nonexistent, because
it has very low in vivo bioavailability and daily intakes from
curries for most populations will be very limited (112).

Conclusions

Changes in lifestyle and dietary habits in particular are cru-
cial for preventing and managing obesity. Increasing evi-
dence supports the role of diet in the control of body
weight. Beyond calorie restriction, some food-derived com-
ponents, particularly (poly)phenols, have been shown to ex-
ert antiobesity effects.

Obesity results from the imbalance between energy intake
and EE; therefore, enhancing EE represents a promising solu-
tion to promote weight loss and reduce obesity. The discovery
of functional BAT in humans paved the way for the develop-
ment of antiobesity treatments aiming to increase EE. In vivo
studies have demonstrated that the antiobesity effect of some
classes of (poly)phenols, particularly flavan-3-ols and stilbenes,
may be related to their capacity to enhance EE and activate BAT.
This evidence supports the concept that some of the health ben-
efits of these compounds might go beyond their widely studied
anti-inflammatory or antioxidant effects. However, further
work is needed to properly characterize the biologic effects of
(poly)phenols in the framework of EE and BAT activation.

Discrepancies exist in the literature, which are likely attribut-
able to a variation in doses, time of exposure, and (poly)phenol
composition, especially when treatments with foods or mixtures
(rather than single compounds) are considered. Furthermore,
(poly)phenolic compounds undergo extensive metabolism in
the gastrointestinal tract, with substantial interindividual varia-
bility. Moreover, translation from animals to humans should
take into consideration the important differences in (poly)phenol
metabolism that occur in the different species (114), which
complicate comparisons of data sets. To explain the high vari-
ability between studies, further studies should aim to associate
the biological effect of a particular set of (poly)phenolic com-
pounds with their principal metabolites (i.e., the ones present
in the circulatory system after consumption or administration).
Moreover, this approach may allow the identification of the
most likely metabolites responsible for the positive effects,
whose bioactivity can be further evaluated in vitro.

Despite the highlighted limitations, studying the role of
(poly)phenolics that occur widely in the human diet, such
as flavan-3-ols, in the regulation of EE appears to be a very
challenging but promising target and should be carefully
pursued.
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